As one approach to the improvement of the nutritional quality of crops for both foods and feeds, low-phyticacid ( lpa) mutants of maize and other cereals have been isolated. An important advantage of lpa mutants is that the bioavailability of a range of minerals may be improved, although phytic acid can also function as an antioxidant. Livestock producers are primarily concerned with excretion of feed phytic acid phosphorus by livestock and fish. This contributes to water pollution and is a major environmental issue in developed countries. In these mutants, phytic acid phosphorus is reduced by 55% to 66%, which is matched by an equal increase in inorganic phosphorus. Greater reductions in phytic acid, as high as 95% to 99%, may be desirable and are possible. The first two studies of an lpa maize in human nutrition found increased fractional absorption of iron and zinc in the lpa maize as compared with the control maize.
Introduction
In this paper I will briefly review genetics and breeding research addressing one aspect of grain nutritional quality that has relevance for the agriculture of both developed and developing economies, and for both feed and food uses of grains. This research addresses the amount and form of the major phosphorus-containing compound in seeds, referred to as phytic acid.
In mature seeds of most traditional crops, about 75% of the total phosphorus is found as phytic acid [1] . Seeds produced by cereal grains typically contain 2.5 to 4.0 mg of total phosphorus per gram dry weight and thus might contain 2 to 3 mg of phytic acid phosphorus, or from 7 to 10 mg of phytic acid, per gram dry weight. At physiological pH, phytic acid is a polyanion, each molecule containing six to eight negative charges distributed among its six phosphate esters. This relatively small molecule with a high charge density is a strong chelator of positively charged mineral cations such as calcium, iron, and zinc. Once consumed, seedderived dietary phytic acid may continue to bind the seed-derived minerals, but it also may bind other "endogenous" minerals encountered in the digestive tract. These salts are largely excreted by humans and non-ruminant animals, which typically lack the ability to digest and utilize phytic acid.
In terms of human health and nutrition, dietary phytate can have both negative and positive outcomes [2] . It can contribute to mineral depletion and deficiency in populations that rely on whole grains and legume-based products as staple foods [3] . This negative impact may be "global," in that phytic acid will bind to, and lead to depletion of, several nutritionally important minerals. However, phytic acid can also function as an antioxidant and anticancer agent and may have other beneficial effects on health [4, 5] . Any consideration of the role of dietary phytic acid in nutrition and health must take both pro-and antihealth roles into account [2] .
Whereas human nutritionists are mostly concerned about the consequences of the chelation of minerals by phytic acid, animal nutritionists and livestock producers are primarily concerned with the excretion of feed phytic acid phosphorus by poultry, swine, and fish. This contributes to water pollution and is a major The author is affiliated with the US Department of Agriculture-Agricultural Research Service (USDA-ARS) National Small Grains Germplasm Center in Aberdeen, Idaho, USA.
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environmental issue in the United States, Europe, and elsewhere [6, 7] . New and more stringent standards are being mandated for phosphorus management in livestock production.
The 75% of grain and legume total phosphorus found as phytic acid phosphorus represents a significant fraction of all phosphorus removed from the soil by grain and legume crops. It represents a sum equivalent to about 50% of all phosphorus applied as fertilizer worldwide [8] . It also represents an amount that would satisfy a major fraction of an animal's dietary requirement for phosphorus, if available. Until the advent in the 1990s of the research reported here, that portion of grain total phosphorus found as phytic acid phosphorus and fed to non-ruminants was simply wasted.
Low-phytic-acid mutants
As one approach to the improvement of the nutritional quality of crops for both foods and feeds, my group at the US Department of Agriculture-Agricultural Research Service (USDA-ARS) has been isolating lowphytic-acid mutants (lpa) (table 1). Seeds homozygous for an lpa mutant contain normal levels of seed total phosphorus but greatly reduced levels of phytic acid phosphorus. At the start of this research, there was essentially no Mendelian genetics of grain or legume seed phytic acid; there were no "phytic acid mutants." There had been numerous studies of the quantitative variation in seed phytic acid among lines of a given crop species [1] . Substantial variation in the concentration of seed phytic acid was typically observed, but in crops grown under standard production conditions, the proportion of seed total phosphorus found as phytic acid phosphorus largely remained constant. We sought mutants whose seed contained normal levels of total phosphorus but greatly reduced levels of phytic acid phosphorus.
Maize low-phytic-acid mutants
We began by generating a population of ethylmethane sulphonate-induced mutants in maize and screening it for mutants whose seed contained substantial reductions in phytic acid phosphorus. Two heritable mutants were found in the first round of screening (table 1) [9] . In these mutants, phytic acid phosphorus was reduced by 55% to 66%, which was matched by an equal increase in inorganic phosphorus. In these seeds, inorganic phosphorus may represent up to 50% of total seed phosphorus. Initial studies indicated that one of these mutants, lpa1-1, was a good candidate for use in breeding.
The first lpa1-1 inbred lines were developed in the mid-1990s and were used to produce 14 pairs of nearisogenic hybrids (isogenic lines differ only by a narrow range of selected traits/genes, in this case differing only in grain phytic acid and inorganic phosphorus levels). These were then used for the first studies of the effect of lpa1-1 on germination, yield, and other agronomic characteristics [10] . Little or no difference in germination, stand establishment, stalk lodging, Normal, wild-type seeds of these species typically contain from 7 to 10 mg/g of phytic acid. The amount of phytic acid in any given mutant can be calculated by multiplying this range by the indicated level of reduction. plant height, ear height, flowering date. or "stay green" score was observed between normal (non-mutant) and mutant isolines of a given hybrid. On average, a 6% yield loss was observed in the lpa1-1 hybrids as compared with the normal hybrids.
Animal nutrition studies with maize lpa1-1
Normal isohybrids and lpa1-1 were compared first for use in chick feeds [10] . General measures of performance, such as bird weight or feed/gain ratio, indicated that the lpa1-1 grain was more nutritious than normal grain. The mean weight of birds consuming lpa1-1-containing diets was 16% greater than that of birds fed normal diets. Feed/gain ratios were 8% to 9% lower in lpa1-1 feeds than in normal feeds, indicating greater weight gain per unit of feed. Bone phosphorus was 10% higher, and blood phosphorus was 28% to 36% higher, in lpa1-1-fed birds than in those consuming normal feed. Bone calcium was 11% to 13% higher, and blood calcium was 29% to 36% higher, in birds consuming lpa1-1 feed than in those consuming normal feed. Faecal phosphorus was reduced by 9% to 40%. According to a variety of these bioassay measures, phosphorus availability in lpa1-1 grain was estimated to range from 70% to 91% in lpa1-1 grain, as compared with 30% to 47% in normal grain. These results indicate that reductions in grain phytic acid phosphorus can have a positive impact on calcium nutrition as well as on phosphorus nutrition. Additional studies with poultry, swine, and fish have since yielded similar results. These studies revealed a simple quantitative relationship. Increasing reductions in grain phytic acid phosphorus in various lpa lines lead in a linear fashion directly to corresponding increases in the retention and utilization of grain phosphorus.
Human nutrition studies with maize lpa1-1
The first study of a low-phytic-acid maize in human nutrition assayed the potential effect of reduced phytic acid consumption on iron nutrition [11] . Tortillas were prepared from normal, non-mutant maize and from lpa1-1 maize. These tortillas were extrinsically radiolabelled with iron and fed to 14 non-anaemic men. Iron absorption was 49% greater from lpa1-1 tortillas than from normal tortillas (8.2% of intake vs. 5.5% of intake). Although these fractional absorption levels are low, this was a statistically significant improvement in iron uptake, and supports the potential benefits of reduced phytic acid consumption in improving iron nutrition. A more recently conducted study looked at the effect of lpa maize on zinc nutrition [12] . During cooking, 67 Zn and 70 Zn stable isotopes were incorporated into lpa1-1 and normal polenta (corn cakes), respectively. Five healthy adults (aged 23 to 39 years) consumed the lpa1-1 polenta on the first day and the normal polenta on the second day. The fractional absorption of the 67 Zn in the lpa1-1 food was 0.30 ± 0.13 (mean ± SD), whereas the fractional absorption of the 70 Zn in the non-mutant food was 0.17 ± 0.11. This result further supports the potential value of reduced dietary phytic acid intake.
A field project is currently under way in rural Guatemala (principal investigator, Dr. Michael Hambidge, University of Colorado). Families will consume either normal or lpa1-1 maize over an extended period of time (two months or more). Zinc nutritional status and homeostasis will be studied in children. Pending funding decisions, we would also like to monitor iron and calcium status and to include adult women and men in the study. An important aspect of this study is that it will examine steady-state nutritional status in individuals consuming greatly different levels of phytic acid over an extended period of time. It will therefore attempt to distinguish between chronic and acute effects of phytic acid intake.
Current research directions for maize
A growing number of maize-breeding programmes are working with lpa1-1 and similar mutants. This trait is being introduced into a variety of maize types, including yellow and white, and temperate and tropical types. Breeding for high yield in an lpa background is an important part of these programmes. However, very little research has been reported to date with respect to stress tolerance and susceptibility to pests and diseases of low-phyticacid lines. Breeding for adequate and stable yield in a wide variety of environments should have at least as high a priority as breeding for high yield.
We, and others, continue to isolate and study additional maize low-phytic-acid mutants, many of which have greater reductions in grain phytic acid than does lpa1-1. The 66% reduction in phytic acid phosphorus in lpa1-1 as compared with wild type (table 1) represents a valuable first step, but greater reductions may be desirable and possible. We have isolated maize mutants for which there is a 95% to 99% reduction in seed phytic acid (table 1) , but all such mutants isolated to date are lethal as homozygotes.
It is possible that reductions in phytic acid consumption approaching 90% or greater will be necessary to have a positive impact on iron nutrition. In the case of zinc nutrition, further reductions in grain phytic acid might be necessary to achieve optimal phytic acid:zinc molar ratios. Some argue that phytic acid reductions greater than a certain threshold are required before nutritional benefits can be realized. Perhaps there is a significant quantitative component to the impact of dietary phytic acid on iron and zinc nutrition, or on mineral nutrition in a global sense. Perhaps stepwise decreases in grain phytic acid will translate in a linear fashion directly into increases in iron and zinc reten-tion and utilization, or the retention and utilization of minerals globally. Testing these assumptions or paradigms is one of the objectives of the current field project in Guatemala.
All low-phytic-acid lines to date were developed using classical genetics methods: mutant induction, isolation, and standard plant-breeding methods. In addition to their desirable seed-specific phenotype, these classically obtained mutants affect the expression of a given gene throughout the tissues and organs of a plant. These whole-plant effects could contribute to the solution of yield and productivity problems, such as disease or stress susceptibility. The most effective approach to developing a high-yielding, disease-and pest-resistant, low-phytic-acid maize may therefore require the use of contemporary molecular genetics approaches. We, and others, are mapping and cloning the genes altered in these mutants, and other genes that play a role in these pathways. Using a biotechnological approach, we may be able to achieve optimal levels of phytic acid reduction, and target the desired effect to the seed, or to a specific tissue or cell within the seed, thereby reducing undesirable effects of whole-plant mutants.
Low-phytic-acid barley
A number of low-phytic-acid mutants have now been isolated in barley (table 1) [13, 14] . The results of these studies are very similar to those observed with maize, in that we have isolated a large number of mutants (more than 20) that are lpa1-like, with reductions of grain phytic acid ranging from 50% to 95%. One important difference is represented by the barley mutant termed M2 955, in which seed phytic acid is reduced by more than 95% (table 1). M2 955 is viable, but the two maize mutations that cause such large reductions in seed phytic acid, maize M2 91285-15 and M2 92166-3, are lethal. Although M2 955 does not appear to be valuable in agronomic terms (its yield is significantly reduced as compared with that of non-mutant checks), it provides a very powerful tool for nutrition research. With it we now can produce near-isogenic barley lines that are essentially identical in every way, except that their grain phytic acid phosphorus ranges from levels typical of non-mutant grain, through intermediate levels of reduction in lpa1-1 and M2 635, to nearly absent in M2 955. With such lines, definitive studies can be conducted that test the putative negative impact of phytic acid on mineral nutrition, or its putative positive roles.
Low-phytic-acid rice
We have made less progress with rice than with maize or barley. To date we have isolated only one rice mutant, which has a reduction in seed phytic acid of about 45% [15] . To evaluate its agronomic value, and to get a better idea of what can be achieved in rice, we need a much larger collection of mutants. Developing such a collection of mutants is our current main research objective with respect to rice.
Rice is primarily consumed as white rice after milling. Most phytic acid and minerals are located in the rice aleurone layer, which is removed during milling. Therefore, it might seem pointless to isolate a lowphytic-acid rice. However, a low-phytic-acid rice bran would be of greater value in non-ruminant livestock feeds, including poultry, swine, and fish feeds, than would brans derived from normal rices. The enhanced value and use of such a side product would represent a non-trivial increase in efficiency of resource use.
However, a low-phytic-acid rice may in fact prove beneficial for human nutrition. First, it may be of value for whole-grain rice foods. More importantly, these mutants may alter the distribution of phosphorus and minerals in the mature grain. A block in phytic acid synthesis might perturb the deposition of zinc and iron in the aleurone layer, elevating the level of these minerals in the central endosperm. Studies are under way to test this hypothesis. Even a small increase in the mineral content of rice endosperm could prove beneficial in human nutrition terms.
Conclusions
The primary goal of the maize-breeding community in the United States is to improve this crop as a feed grain. The traits of greatest importance here include optimized amino acid balance, high oil content, and high available phosphorus (or low phytic acid). Maize breeders seek to combine or "stack" nutritional quality traits to produce an optimal feed grain. This approach might have application in the improvement of grains as human foods, in the area of mineral nutritional quality. An important advantage of lpa mutants is that the bioavailability of a range of minerals may be improved. Therefore, it may be important to breed for increased iron and zinc levels, along with reduced phytic acid. Any strategy of reducing grain or legume phytic acid must take the needs of the target population into account. Dietary phytic acid may have a net beneficial effect as an antioxidant and anticancer agent, or a negative effect on mineral nutrition, depending on the population. Therefore, a number of genotypes with varying degrees of phytic acid content may need to be developed to fit particular nutritional circumstances.
Many questions remain concerning the agronomic performance of lpa crops, particularly under adverse growing conditions. With our best-yielding lpa lines, in general, yield reductions ranging from 5% to 15% have been observed. As breeding programmes with the lpa trait progress, yields of such lines will continue to increase, although they may never equal that of the best high-yielding lines. Nevertheless, because of benefits for animal nutrition, lpa crops could become profitable varieties available for use as animal feed. Because of benefits for human nutrition and for the environment that are not easily captured by private markets, it behooves policy makers to consider introduction of these varieties into public breeding programmes in developing countries as well.
